IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 47, NO. 1, JANUARY 1999 121

Experimental Observation and Statistics
of Multipath from Terrain with
Application to Overland Height Finding

Lisa M. Zurk

Abstract—Data is presented from an airborne experiment  To evaluate the feasibility of overland height finding MIT
designed to evaluate electromagnetic pulse scattering from a | jncoln Laboratory engaged on an airborne data collection

variety of terrain types for the application of overland height i ; ; ;
finding. The one-way propagation data was collected at ultrahigh campaign in fall 1996, two aircraft were equipped with very

frequency (UHF) and very high frequency (VHF) frequencies high frequency (VH_F) and UItrah'gh frequency (UHF) anten-

using a 3-MHz pulsed CW signal with the radars mounted on Nas, which transmitted and received a 3-MHz pulsed CW
two aircraft. A statistical analysis of the data shows that the signal. The purpose of the experiment was to observe the
probability of a detectable ground reflection and the strength complex one-way propagated electric field as a function of

of that reflection vary as a function of the terrain roughness. t ; : ;
) ; - . . i errain type. Large numbers of observations for each terrain
We introduce a broad-band synthesis technique in which Fourier yp g

theory is used to generate a time-domain response from a CW typg Were Obta'.ned in order to provide enough data for

propagation model. Results from this technique agree well with Statistical analysis of the results.

the experimental observations, but the lack of detailed terrain The propagation data was also compared to the results
information does not allow exact reproduction of the fine details. of several propagation models to determine the region of

applicability of each model. Since the propagation models

are single frequency models, a broad-band Fourier synthesis

) ] ) technique was utilized to rigorously generate time-domain
I HE subject of electromagnetic scattering from randomasyits. This paper presents the results of this comparison.

rough surfaces has received considerable attention intpe organization of this paper is as follows. The exper-
recent years [1]. One area of interest is the interaction ffental investigation is described in Section Il. Section III
electromagnetic energy with geophysical terrain. This fielgescribes the propagation modeling and includes the Fourier
is an important one for the topics such as remote sensiggnniques used to synthesize a time-domain response from
(2], [3], telecommunications [4], [5] and evaluation of radap frequency-dependent propagation model. In Section IV, we
performance [6], [7]. In all of these areas, it is necessary {esent comparisons between the measured data and the syn-
understand the complicated interaction of the electromagnefigsized data. The statistics of the reflected pulses analyzed as

wave with variable terrain and land surfaces and to ascertaifynction of the terrain type are presented in Section VII. We
experimental data has been collected for low-angle backscatter

from the ocean [9] and millimeter scattering from terrain
[10], [11]. In this paper, we examine the nature of radiowave Il. PROPAGATION EXPERIMENT

pulse scattering from various terrain types with the goal of 14 experimentally investigate the physics of multipath over
evaluating the _fea5|b|I|ty of overland height finding [12]__[14]variable terrain MIT Lincoln Laboratory engaged on a data
Many surveillance radars are not capable of using @gsiection campaign during September and October of 1996,
tenna beamforming techniques to determine target height. QRgyr 2000 VHF and UHF data groups of 138 pulses each
method of providing this capability is to observe the timgere collected during eight flights in New Mexico and north-
difference of arrival (TDOA) between the direct and reflectegh, Maine. The experiment used two airborne platforms to
pulses. In a simple propagation scenario, the relationsiiBiain data illustrating the effect of varying terrain type on
between the observed TDOA and the target height is Wellactromagnetic propagation and bistatic clutter. The platforms
understood and can be inverted. This is the scenario {kre flown in two basic formations and the exact location of
propagation over water where TDOA height finding workgach aircraft was recorded with an on-board global positioning
reasonably well. However, when propagation occurs Ovefstem (GPS). The first of the two flight formations was a
iregular terrain the physics of the propagation are MO |iel flight path with range distances on the order of 100
complicated and it is uncertain whether or not a groungy This formation was used for all the data presented in this
reflection will even be observed. paper. Bistatic clutter data was obtained at closer ranges with
Manuscript received August 26, 1997; revised July 23, 1998 orthogonal ?'nd chase ﬂlg-hts paths. :
The author is with MIT Lincoln ’Laborz;tory, Lexington, MA 02173 USA. The two airplanes used in the experiment were a Cessna 421
Publisher Item Identifier S 0018-926X(99)02206-1. and a Beechcraft 90 King Air. Both airplanes were equipped
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TABLE | Experimental Data, one PRI
RADAR PARAMETERS FOR MODE 1 DATA I
TX pulse # TOTAL GPS data radar data
T’(‘:Z ’;F width R’(‘HPZ?F M‘; RANGE | #PRIs | TIME *
(us) MHz) | GaTES (CPI) (s)
2500 0.333 2 4.0 1800 138 69 DMA Elevation Database

terrain profile

with VHF and UHF H-pol and V-pol antennas that were

operated at 141 and 431 MHz, respectively. The Cessna had v
a belly-mounted VHF whip antenna for V-pol radiation and
a portside circular patch antenna for UHF radiation (both {opbegation Model Process Data
polarizations). It also utilized a modified glide-slope anten e e walk
on the starboard that resembles a “towel bar” for the VHF H- frequency fn - convert to SNR
pol radiation. The King Air had a belly-mounted monopole f
V-pol radiation and a tail mounted dipole for H-pol radiation
the antenna elements were switched to change from VHF
UHF. repeart, n=1,2,..N N complex field values
The Cessna transmitted a pulsed CW signal that was re- pulse data
ceived on the King Air and recorded. Synchronization between
the transmit and receive systems was attained by choosing
the receive pulse-repetition interval (PRI) to be an integral Wideband Pulse Synthesis
multiple of the transmit PRI and by choosing a data collection
window that was at least as large as the transmit PRI. These V
two restrictions assured that: 1) at least one pulse would be pulse data B Compare; satistical analysis

captured every PRI and 2) the pulse would appear in the same
range gate across a coherent processing interval (CPI) if thEig 1. Diagram reprfijstf%ntinﬁ ig% l;ullqslg S_ynthdesis proced#rhe, f%r_ asinglehPRl;
. : process is repeated for al in a data group. This diagram shows

was zero doppler ahd if the oscillators were PerfeCtly matCh#ﬁgt the wide-band pulse-synthesis technique (2) requires the propagation
Although three different modes of operation were used todel to be runV times to generate a frequency-dependent response (present

record data, only the data collected in Mode 1 will be presenteeper usesV = 256). If the model is computationally expensive this could
ove unfeasible. The ray sum approach (not shown) runs the model once to

in this paper. Mode 1 is called “SIC,)YV" mode since the da%nerate the amplitude and path length each ofNlzerays [see (4)].
was collected at a 2-Hz pulse-repetition frequency (PRF). The

movement of the platforms during the 0.5 s intervals between ) o _
two consecutive pulses allowed a large number of statistical§flected propagation paths, as shown in Fig. 2, with dashed

independent samples of a particular terrain type to be collectéf€s indicating ray paths from the transmitter to the receiver.
Table | gives the radar parameters for the experiment. The refractive nature of the atmosphere is taken into account

using an effective earth radius in the computations (e.g.,
“4/3 earth approximation”). Under this model the path-length

) i ) . difference between the direct and ground reflected paths
In this paper, we will consider two propagation modgan be written as

els: spherical earth and the spherical-earth-knife-edge (SEKE) .,
model developed at MIT Lincoln Laboratory [15]. These Ar =2z12/R 1)

models will be used to generate frequency dependent, Comp\llﬁ)l(ere z{ and z} are the transmitter and receiver heights,

electric fields quantities that can be used to synthesize pulﬁ% pectively, with the primes indicating an earth flattening

The goal IS to use thg GPS mformatlorl from the experlmgnt ffansformation that maps the spherical earth into an equivalent
generate inputs to drive the propagation models. If the inp Binar geometry [16]

are known perfectly and the models are sufficiently rigorou 'In a pulsed radar system, multiple propagation paths can

the synthesize_d results Sh.OUId match the obse_rved _datq. -Ir It in pulses arriving at the receiver staggered in time.
pulse-synthesis procedure is shown diagrammatically in Fig. e time difference between receipt of the pulse following

It is worthwhile to note that because_ It Is our mFent Bhe direct path and that reflected off of the ground is called
compare the output of these models with that obtained &Xe TDOA and is given byAt — Ar/c. The TDOA will only
perimentally, we will discuss geometries with a one-w e observed if the radar resolutién is less than or equal to

tpropft;\gatlon path. Hovx;_ever, the r_eSLgtS car: e_ztz?\sny tl)e texten ﬁg path-length difference; otherwise the pulses will overlap in
0 a two-way propagation scenario by exploiing electromag, o 4.4 the field at the receiver will be a coherent addition

netic reciprocity. of the two rays.
) In surveillance radars, the observed TDOA can be inverted
A. Spherical Earth Model using the spherical earth model to yield the target height
The spherical earth model is a ray model that geometrical{eight finding in this manner is useful for propagation over the
computes the path-length difference between the direct amckan where geometrical optics is valid and the surface is fairly

I1l. PROPAGATION MODELING AND PULSE SYNTHESIS
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frequency dependent complex electric figld f)

(N/2)—1

E(t)= Y E(f)W(f)e™ /" (2)

J=—N/2

where f; = fo + jAf, fo is the center frequency and
j=0,1,---,N — 1. The functionW(f;) is a windowing

Fig. 2. Geometry for a spherical earth model showing direct and grour]:lc'!ncnon that represgntg the frequency response of the receiver
bounce paths for one-way propagation. The receiver and transmitter &80 S€rves to bandlimit the response. For a giMéfy;), the
located at MSL altitudes1 and=2, respectively, and there is a mean elevatiofransform in (2) is an exact equation for the time-domain
of hmin in the area of interest. The direct path distancé?isnd the path ; i~ fi i

length difference iDr = (R1 + R2) — R. The range distance is the arc response provided that the qomplex electric field is known
length between A and B. across the frequency band of interest. Therefore, one approach
to determiningZ, is to calculate the propagated electric field

for a series of toneg; and then to computev,(¢) via the

flat, good reflector. However, when the propagation 0CCUiSnsform in (2). This approach will be termed the wide-band
over terrain the situation becomes much more complicatednihesis approach.

Terrain featL_Jres can be highly variable and introduce scatterir_u:lmder a geometrical optics formulation the complex electric
and diffraction phenomenon that effect the electromagnefigq can be written as a sum of the field due to the direct

wave propagation. Investigating how the presence of thesg and the field from theV, reflected rays arising from the
features effects the propagation physics and how the Obser\ﬁ‘ﬂtiple specular points on the terrain

TDOA differs from that predicted by a spherical earth model
was one of the goals of this effort. R
E(f;) = eXp(—i27ffj ;)

N
B. Spherical Earth Knife Edge (SEKE) +iAy(fj)exp<—i27rij+ AT,U(fj)) 3)
For propagation over irregular terrain, the electromagnetic v=1 ¢

field can include contributions from multiple specular points,
knife-edge diffraction, and spherical-earth diffraction. The

spherical earth knife edge (SEKE) model developed at Mwherec is the speed of light in free-spach,is the direct path
{gngth, andAr, and A, are the frequency dependent path-

Lincoln Laboratory [15] combines these effects to estima . ) S
the multipath factor2. To produce a time-domain signal WeIength difference and amplitude of the ray originating from

modified SEKE to obtain the complex electric field quantitied!® vth reflection point, respectively. If the propagation occurs
over a frequency band of interest and synthesized a pulse frg}§" @ Smooth spherical eartNs =1 and (3) reduces to the
this field as described in the following subsection. well-known multipath expression whose magnitude squared
For the propagation geometries in the airborne experimgtficounts for the propagation loss. .

the geometric optics portion of SEKE was activated. In this AN Important property of Fourier signals is that complex
calculation, SEKE moves along the terrain profile identifyingtodulation in the frequency domain corresponds to a shift in
unmasked specular points on the terrain where the local sidpg time domain. Equation (3) can be simplified considerably
satisfies Snell's law and supports a reflected ray directB4 assuming thed,, is Constgnt over the bandwidth OT th_e
toward the receiver. The field at the receiver is the coherefyStem- In this case, substitution of (3) into (2) and application

sum of all the specular rays, which can add destructively 8F the linearity of the Fourier transform yields a time-domain
constructively response that is the superposition of shifted pulses

SEKE requires as input a uniformly spaced profile represent-
ing the terrain elevation between the transmitter and receiver.
The airborne data collection had range distances on the order By(t) = Wi(t —ta) + ZAVWt(t —ta—At,)  (4)
of 100-130 km in length with the exact position of each plane v=t

recorded by an on-board GPS. The terrain elevation profile fo ' . . .
(ﬁ?ere the first term is the direct path pulse arriving at¢t, =

Ng

each given pulse was constructed by combining the time staiff : . :
in the data with the GPS data to determine aircraft positidfy © ar]d W, is the inverse Fourler tran;form 6V (f). The
rms in the summation arrive later in time B¢, and may

and then interpolating defense mapping agency (DMA) da

to generate a profile with uniform horizontal spacina of 96 n' May not be separated from the direct pulse depending on
g profiie with tni 'z pacing the pulse width of%,. It should be noted that (4) can only be

used if a ray model is appropriate and if all the paths lengths
are explicitly known. In addition, the summation must be
done coherently as the complex amplitudés will generate

The time-dependent electric field for a pulsed rafaft,,) constructive and destructive interference. Pulse synthesis using
can be represented as an inverse Fourier transform of (B¢ will be called the ray-sum synthesis approach.

C. Pulse Synthesis
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TABLE 1l
FLIGHT PARAMETERS FOR FIGURES F
Cessna | King Air
Figure (i};—?z') Pol. (ill':) (";}.t[) gcnn%) ﬂi(gll;tg(éz;te Location

MSL MSL i
Fig. 3 431 v 15.0 20.0 100 9/21 WSMR, NM ,
Fig. 4 431 h 20.0 13.0 130 9/21 WSMR, NM
Fig. 5 141 h 20.0 20.0 130 9/22 WSMR, NM :
Fig. 6 141 h 20.0 15.0 130 9/22 WSMR, NM _
Fig. 8 141 h 17.5 17.5 100 9/19 WSMR, NM
Fig. 12 141 h 9.5 175 100 1077 Millinocket, ME

Fig. 4. SNR levels in decibels from UHF H-pol data obtained in WSMR.
Because of the tilt of the terrain, the pulses at the beginning of the data group
do not generate reflections while the later pulses do produce a multipath return.
This behavior is seen in both the measured data and the synthesized pulses

(SNR levels are the same as Fig. 3).
¥
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Fig. 3. SNR levels in decibels from UHF V-pol data obtained in WSMF
The strong presence of a multipath return is captured by the simulation.

uma (umeT)

IV. COMPARISON OF PROPAGATION

DATA WITH SYNTHESIZED PULSES Fig. 5. SNR levels in decibels from VHF H-pol data obtained in WSMR. The

. . . Fresnel zone lay across the smooth desert floor. The spherical earth formula
In this section, we present comparisons between MeasupRficts a TDOA of 1.02 ms (shown as a dashed line).

and simulated data. The comparisons are presented in the form

of color plots where the color levels correspond to signal-to- . o )
noise ratio (SNR) and the direct pulse is shown arriving at tinf&"™&in is such that it did not support a ground reflection. For

¢ = 0. The dashed line represents the TDOA predicted usill:@th_the measured and simulated d_ata-this is clearly seen in
a spherical earth formula. Table 11 gives the flight parametelf€ first part of the coherent processing interval (CPI) where a
for each of the plots. multipath return is not present. It is reasonable to expect that
Figs. 3 and 4 show results from UHF flights in White sandbe increasing roughness of the terrain at the specular point
missile range (WSMR) on September 21st. The agreemgiminishes the intensity of the multipath return where it is
between the actual and simulated data is quite good. F¥Esent. This is seen in the low specular return in the data
example, Fig. 3 is from a V-pol flight where the specular poi,{glative to that seen in Fig. 3. The simulated data predicts a
lay on fairly smooth flat desert terrain. The data shows th@lightly higher ground reflection because the coarseness of the
terrain supported a strong multipath for the majority of thBMA profiles does not include the small scale roughness that
pulses. This strong response and the time delay relative to W8 serve to diffuse the scattering.
direct pulse is captured by the simulated data as well. It isThe plots in Figs. 5 and 6 are VHF H-pol data from WSMR
important to note that the simulations cannot reproduce thellected on September 22nd. These flights were structured so
fine details seen the radar data due to the coarseness oftlifa as the King Air descended, the Fresnel zone moved from
terrain characterization (i.e., the DMA data). This point wilthe desert floor (Fig. 5) into mountainous terrain (Fig. 6). As
be discussed in more detail further in the manuscript. the terrain becomes successively rougher, more energy can be
In Fig. 4, the Fresnel zone had shifted onto the foothills @fbserved arriving at the receiver with a TDOA that is longer
the San Mateos mountain range where the terrain is no longiean that estimated by the spherical earth formula. In addition,
flat. For a substantial portion of the CPI the nature of ththe TDOA is much more variable and spans a wider range
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Fig. 6. SNR levels in decibels from VHF H-pol data obtained in WSM Fig. 8. SNR levels in decibels from VHF I_—I-pol data obtained in WSMR.
The Fresnel zone lay across rough mountainous terrain that contains m R§ Fresnel zone lay across the gently rolling desert floor.

disparate random scatterers. This randomness serves to destroy the coherent

nature of the multipath return. The spherical earth formula predicts a TDOA . .

of 0.68 ms (shown as a dashed line). ences in power levels that were attributable to the separate

transmitters and antennas.

) V. COMPARISON OF INDIVIDUAL

2000 SYNTHESIZED PULSES WITH MEASURED DATA

11000 . In this section, we compare more closely the synthesized
o 10000 pulses with the measured data. We show that although the
9000 synthesized data accurately reproduces the macroscopic fea-
8000 tures of the multipath, it is unable to generate the fine
7000 details. This limitation is most likely due to the insufficient
igzg characterization of the terrain and atmosphere. However, since

we are interested in the average or statistical nature of the
reflected pulses, it may not be necessary to match the fine
details. In the following section, we show that the statistics of
the measured and simulated data are in agreement.
60 The plots in Fig. 8 are VHF H-pol data from WSMR where
range (km) the underlying terrain was smoothly rolling desert floor. For
_ _ o _ the majority of the pulses a strong multipath response is
Fig. 7. Terrain for the data shown in Fig. 6. The red line shows the terral . .
profile for the 100th pulse of the data group and the yellow asteriks show tH served and the character and TDOA of the multipath is
15 specular points identified by SEKE. The ray path from the transmitter well reproduced by simulation. However, some of the pulses
the receiver for the last specular point is indicated by arrows. produce a diminished ground reflection. Unlike the example

in Fig. 6 where the terrain was quite rough, this is not due to

of values. A surface plot produced from the DMA data fopronounced irregularities in the underlying terrain, but rather to
the mountainous terrain is shown in Fig. 7. As an examplihe destructive addition of multiple reflections. This results in
consider the elevation profile for the 100th pulse that is dravencoherent cancellation exactly analogous to that which occurs
as a red line. The reflection point according to a spherical eaithmultipath nulling. To illustrate this point, we examine more
model would be 80 km from the transmitter, but the irregulariosely the propagation physics for the first and 110th pulse
terrain at this location prevents energy from being reflected aod PRI of the data group shown in the first plot of Fig. 8.
seen at the receiver. However, SEKE identifies 15 additionalThe elevation profiles for these two pulses are shown in
specular points along the terrain. The ray reflecting from tlég. 9, with the aircraft denoted as circles. The asterisks in the
furthest of these points is indicated by arrows in the figurégure signify the location of the 15 specular points identified
Note that since the path length traveled by these rays is longgr a SEKE simulation at the center VHF frequency of 141
than that for a ray reflecting at the 80-km point, the observédHz. Energy from the transmitter will reflect off the terrain at
TDOA is longer than the spherical earth predication, as waach of the specular points and some portion will be redirected
seen in Fig. 6. toward the receiving antenna. This is indicated by the arrows

The terrain dependence discussed above was observediridhe figure for a specular point a distance of 77 km from the
both the VHF and UHF data. In fact, at these small grazingansmitter. The time-domain response for these pulses was
angles the radar data showed little difference between the teadculated by both wide-band synthesis and ray-sum synthesis
frequencies for any of the terrain types, except for diffeend is shown in Fig. 10 along with the measured data and

elevation (ft

PRI 20
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Fig. 9. Elevation profile for the first and 110th pulses for the data group shown in Fig. 8. The 15 specular points identified by SEKE are indicated as
asterisks. The arrows represent a ray reflecting off of the terrain at a range distance of 77 km from the transmitter and resulting in a pulse with a TDOA
of 1.44 ms. Note that for the pulse to be discernible that receive antenna must have sufficient elevation bandwidth.
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Fig. 10. The time-domain response of the first and 110th pulses in the data group shown in Fig. 8. The simulations follow the data fairly well, with
the wide-band synthesis and the ray-sum synthesis overlaying each other. Note the difference in the level of the multipath return for the twe pulses du
to the destructive and constructive nature of the multiple speculars. The energy seen in the measured data arriving at 1.6 ms after the direct pulse is

most likely due to the presence of out-of-plane scatterers not considered in the SEKE model. The line legend is wide-band synthesis (solid), ray-sum
synthesis (dash-dot), measured data (dashed), and spherical earth model (dotted).

a pulse synthesized using the results of a spherical eastit-of-plane scatterers that are not taken into account in the
prediction. The figure shows ray-sum synthesis and wide-bamddified SEKE model.
synthesis give nearly identical results for this banwidth. A second source of error in producing agreement between
The synthesized data predicts that the reflection for tsémulated and actual pulses is the limitations of the terrain
first pulse will have a signal level that is slightly higheidata that was used to drive the propagation model. For
than the direct pulse due to the constructive addition of tlexample, consider the data obtained in northern Maine over
specular reflections whereas the reflection from the 11Qthwooded hilly terrain. The top plot of Fig. 13 shows the
pulse is significantly attenuated due to destructive additioslevation profile for the great circle path as obtained from two
The signal predicted under the pulse synthesis agrees falifferent agencies: Defense Mapping Agency (DMA) and U.S.
well with the measured data but the exact shape of the puSeological Survey (USGS). The differences between the two
is not reproduced accurately. For the 110th pulse, therepofiles are hardly noticeable on the scale of the plot but have
a third arrival 1.44us after the direct pulse. This energy isa pronounced effect on the CW multipath lobes. The multipath
from an additional specular point on the great circle path affactor is shown in the middle plot and has been computed using
corresponds to the ray indicated by arrows in Fig. 9. Or&EKE with the two different elevation profiles as input. As can
feature seen in the data but not produced in the simulatibe seen from the plot, SEKE predicts a 5-dB enhancement on
is additional pulses arriving approximately 1.75 after the a 5334-m target when the DMA data is used as input, but for
direct pulse. It is probable that this contribution is due tthe same height target it predicts a deep multipath null when
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. L L e Fig. 12. SNR levels in decibels from VHF H-pol data obtained in northern
-0.5 0 05 1 15 2 Maine. The top plot is pulses simulated using SEKE with a wide-band

time (us) synthesis. The bottom plot is the measured data which is considerably noisier

than that obtained in New Mexico, but the presence of a multipath is still
Fig. 11. VHF H-pol data from Maine. The top plot shows the elevatioRisible.
profile for the great circle path as given by the DMA data (dashed) and the

USGS data (solid) for the first pulse in the data group. The middle plot shows,,nqj that the general properties of the multipath response are
the propagation factor F2 as a function of receiver height as computed bé .
SEKE for the two profiles at 141 MHz. The last plot shows the result gfaptured by the simulated pulses but exact agreement on a
a wide-band pulse synthesis plotted with the observed data (dash-dot). fhelse-to-pulse basis is not always possible.
results for the entire data group are shown in Fig. 12.
VI. DISCUSSION OFSYNTHESIS

the USGS data is used. This result is not overly surprising TECHNIQUES AND PULSE DISPERSION
since determining the exact location of the multipath lobes | this section, we discuss the wide-band and the ray-
requires wavelength scale accuracy of the terrain profile. Thigm synthesis methods and show that, as expected, they
sensitivity is offset to some degree when a broad-band systgfle numerically identical results for a reasonably narrow
is employed. The final plots in the figure shows the predictggndwidth. It is important to remember, however, that the ray-
pulses for the two terrain profiles and the results are quigm technique can only be employed when a geometric optics
similar. The bandwidth of the system separates the direct apddel is justified and when the amplitude, phase, and path
multipath response and the sensitivity to the coherent additigihgth of every ray is explicitly known. The ray-sum synthesis
of the two is removed. method then simply consists of coherently summing of each

Also seen in the last plot is that the simulation fails t@f these rays weighted by the time-domain pulse shape. The
exactly duplicate the observed data. The TDOA is similgfide-band synthesis technique can be applied regardless of the
between the two but the details of the pulse shape are ppbpagation physics provided that the magnitude and phase of
accurately reproduced in the simulation. One possible exptae electric field at the receiver is known across the desired
nation for the mismatch is that the 96-m resolution of thﬁequency band. Once this has been determined, the time-
input data is too coarse. The wavelength at VHF is 2 mMomain response is given by the inverse Fourier transform
thus, one would expect that the wave will respond to terrafor the desired pulse shape. This effect will become more
features much smaller than the DMA information providesmportant as the bandwidth of the system is increased.
Another possibility is that the error is due to a deficiency Fig. 13 shows the magnitude of the reflected electric field
in the propagation model that is used to generate the pulseésen at the receiver over a 40-MHz band calculated by the
Terrain is typically inhomogeneous and varying with range buiide-band and ray-sum methods. (It is instructive to note
SEKE allows only a single reflection coefficient to characteriz@at a terrain generating only a single reflection would appear
the ground. It might be possible to use a more sophisticatad a straight line with a magnitude given by the reflection
model (such as a parabolic wave equation) to represent tiaeefficient of the ground.) The two techniques give nearly
presence of vegetation or other land cover with an effectiiggentical results at the center of the band, but begin to diverge
permittivity (see Fig. 11). at other frequencies. This is due to the assumption that the

Fig. 12 shows the observed and simulated pulses for tAmplitude of the ray is constant over frequency and can be
entire data group. As in the WSMR data, there is consideralapproximated by its value at the operating frequency. For very
variability in the observed data and in the simulation. We hawéde bandwidths, this assumption might not hold.
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Fig. 13. The amplitude of the reflected electric field for the data group Signal level e dircct (dB)

shown in Fig. 8. The top curve is for the first pulse and the bottom curygy 14, Histograms produced from the measured data shown in the data
is for the 110th pulse; Wide-band'pulse synthesis is shown as a solid line @pgup in the bottom of Fig. 8 (VHF H-pol from desert terrain in WSMR). The
ray-sum synthesis as a dashed line. If there was a single specular reflectigp.plot shows the distribution of the observed time delays and the bottom
the amplitude would be constant over the bandwidth with a value of thgot shows the strength of the pulses relative to the direct. A total of 120 of
Fresnel reflection coefficient. The high- and low-frequency modulation of thige 138 pulses had identifiable ground reflections with a mean time delay of

reflected field is due to the destructive and constructive coherent addition10h5 ms (spherical earth predicts a 0.98-ms delay) and a mean signal level
the multiple speculars. Note that the signal level at the center frequency (df1—4.11 dB are the direct.

MHz) differs significantly for the two pulses, which is also observed in the
time-domain behavior (Fig. 10).

60 : -

The modulated field shown in Fig. 13 indicates the presence ;|

of multiple speculars and represents a dispersive environment. | v [T -
The increased field strength for the first pulse at 141 MHz is 4, I i
what produces the increased power in the multipath return in = ,L.. L ]
Fig. 10. Likewise, the decreased strength for the 110th pulseis ... . H H ]
what serves to degrade the multipath response. The frequency | =

dependence will also serve to distort the time-domain pulsé !
shape. s

oo

time (usec)

30 T T T T T

251 R

number o

VII. STATISTICS OF MEASURED AND SIMULATED DATA sok i

In this section, we present plots showing the statistics of  1s- .
the measured and simulated data as a function of terrain type. 1of : ~
The quantities of interest are: 1) the probability that a ground s HHHHHHH 1 HH -
reflected pulse will be observed; 2) the strength of the reflected =~ ¢-—== _f;”'_' _gb ra (‘)ﬂﬁ : o
pulse; and 3) the TDOA relative to that predicted by spherical ignal level ré direct (dB)
earth. It is important to note that the reflection strengths§y. 15. Histograms produced from the simulated data shown in the data
are given in units relative to the direct pulse. For speculggoup in the top of Fig. 8 (VHF H-pol data from desert terrain in WSMR).
reflections, this removes any anenna pattern dependency. 1 5 I hows i disrbuton of he erved tme deaysand e bt
The presence of a ground reflected pulse was determingsl13s pulses had identifiable ground reflections with a mean time delay of
by a correlation analysis. A Gaussian pulse representing th@7 ms (spherical earth predicts a 0.98-ms delay) and a mean signal level
transmitted pulse was shifted by a time delay #of and ©f —497 dB are the direct.
correlated with the time-domain response in each PRI of the
measured and simulated data. A pulse at some dglayas terrain, a reflection was observed a significant proportion of
considered to be present if it was at least 3 dB above ttiee time with a fairly high signal level indicating the flat terrain
noise floor and had a SNR that was no lower than 13 dBas strongly reflective. This strong return is due to both the
below the direct pulse. If multiple ground reflections wereelatively high-reflection coefficient for low-grazing angles as
detected in any one PRI, only the characteristics of the earliegtll as the fact that the surface was flat and, thus, most of the
arrival were considered in the statistical analysis. Results @fiergy was scattered specularly.
this analysis are shown in Fig. 14 and Fig. 15 for the measuredThe histograms for the more irregular terrain (results shown
and simulated data, respectively. The terrain in this caseFig. 6) are presented in Fig. 16 and Fig. 17. It can be seen
produced the results in Fig. 8 and was smoothly rolling desdérdom the figures that the variability of the terrain produces a
floor. It produced reflections with time delays close to thahuch wider distribution of observed time delays and a much
predicted by spherical earth and with little variance. For thieduced signal strength. Both the simulated and the measured




ZURK: OBSERVATION AND STATISTICS OF MULTIPATH FROM TERRAIN 129

20 ; . : 10 Fa—

5o o+

% reflections
+

| o HHH { HHHH ﬂ 0] == e s ' : : :

[=]
L

25
time (psec)

15 T T T T T

Reflection Power

(dB re direct)
L
=]
7
[ ]
1
1
7
i
'
'
'
+
i
I}
i
i
'
1
’:
i
'
'
i
i
i
i
——
L

|
n
o

number of hits
]

-

.l HH[—]HI—]T ‘., 4

-10 -5
Signal leve] re direct (dB) 0

o
>
TDOA (usec)
(re spherical earth)
o
o
H—
ey
Y
i
\
1
+—
i
|
1
|
'
1
1
\
\
—t

0.05 0.1 0.15 0.2 0.25

Fig. 16. Histograms produced from the measured data shown in the data RMS slope

group in the bottom of Fig. 6 (VHF H-pol data from mountainous terrain ir.. 18. Results of th lati vsis for all mode 1 dat Th
WSMR). The top plot shows the distribution of the observed time delays ang®: =~ esufts of the corre E_l lon analysis for a ',no. e 1 data groups. he
the bottom plot shows the strength of the pulses relative to the direct. A toP ?ts are (fron_1 top to bottom): the percent of PR'.S n Wh'.Ch a detecte}ble
of 123 of the 138 pulses had identifiable ground reflections with a mean tir%ound reflection is seen, the power of the reflection relative to the direct

. . ) : e, and the TDOA observed relative to that expected from a spherical
ﬁ:}:?lgffifg ﬂsd(gpgreen(t:s(lee;lrrctpredlcts 20.68-ms delay) and a mean S@ﬁjﬁh prediction. All the quantities are plotted as a function of the rms slope

along the great circle path from transmitter to receiver with the linear fit to
the data shown as a dashed line. The bottom two plots have error bats at 1
20 . . level with the TDOA error being one sided as discussed in Section V. Each
data point is the mean of the 138 PRI's in a data group.

1ol B , ] guantities are plotted as a function of the root-mean-square
(rms) roughness of the terrain from the DMA data within
ST H H ’ 1 the first Fresnel zone and along the great circle path between
[

1 Hﬂﬂﬂﬂm AL ; the transmitter and the receiver. Each data point on the plots
5 2 2.5

time (pLsec)

oo
o

represents the average of the 138 pulses in a data group (e.g.,
the distribution shown in Fig. 14 had a mean TDOA of 1.05
1S). The plots contain the data from both the UHF and VHF
flights at horizontal (HH) and vertical (VV) polarizations.

Several features in the plots can be observed. The top two

: ] plots show that the number of observed reflections and the

l_l strength of these reflections decrease as the terrain roughness
éﬂm

15 T T T T T

number of hits

4]
T

OHHHH ;

-20 -15 -10
Signal level re dircct (dB)

increases, respectively. This is a result of the increasing rough
0 5 9 terrain surface destroying the coherent specular reflection. In

terms of a geometrical optics model, this decrease in amplitude
Fig. 17. Histograms produced from the simulated data shown in the dagifithe reflected ray is due to the increase in the diffuse scatter-

group in the top of Fig. 6 (VHF H-pol data from mountainous terrain i - - : :
WSMR). The top plot shows the distribution of the observed time delays arhag coefficient. The existence of a rela“onShlp between surface

the bottom plot shows the strength of the pulses relative to the direct. A tof@Ughness angd, is well known (see, for example, [17]). One
of 100 of the 138 pulses had identifiable ground reflections with a mean tifigportant point to note is that the surface elevation given by

fi:f/'g?’ &ffg?égnjésg:‘ee?ﬁg' dei?ég.pre‘j'msao'%'ms delay) and a mean sighghp ata has a 96-m horizontal resolution. Thus, the rms
roughness plotted in Fig. 18 islarge scale roughness—no
information about the wavelength scale roughness is available.
data show this trend in the statistics. However, the measuredrhe bottom plot shows the difference between the observed
data shows a long tail in its time-delay distribution indicatingDOA and that predicted by a spherical earth formula (1).
the arrival of pulses with significant path-length differencegs the terrain grows rougher, the spherical earth model is no
The presence of this tail could be due to strong out-of-plagnger applicable and its predictions for the TDOA become
scatterers such as the surrounding mountains that are not takereasingly erroneous. For the application of overland height
into account by an in-plane model such as SEKE. finding this indicates that although a TDOA may be observed
The correlation analysis was repeated for all the Mode dver rough terrain, a substantial error is introduced if the target
data groups obtained in the propagation experiment. In Fig. 18determined using a spherical earth formula. This can also be
the plots shows (from top to bottom) the percent observaden in the plot in Fig. 19, which shows the results of target
reflections, SNR of the reflection relative to the direct pulségight estimation for each of the radar data sets versus the
and the TDOA relative to a spherical earth prediction. Aims terrain roughness. The mean target height was calculated
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6000 . . : . both VHF and UHF frequencies. The nature of this response
o o Sphearth Inv. depends on the terrain type and tends to decrease in strength
-—-- Sph Linear Fit .
| * = MFP ) and frequency of occurrence as the terrain grows rougher.
5000 MFP Linear Fit . . . .
More variable terrain also results in a TDOA that differs

significantly from that predicted by a spherical earth formula.

§4ooo The implications on overland height finding are that in order

ﬁ% to properly assess target heights over rough terrain a more
% 3000 sophisticated inversion scheme must be utilized. An algorithm
; that utilizes the knowledge of the propagation physics such as
'Ezooo MFP might prove applicable [14].

The general nature of the observed pulse is reproduced well
by the pulse synthesis when a modified SEKE propagation
model is used with a wide-band synthesis. However, an exact
match on a pulse-to-pulse basis is not always achieved due to

1000

0.1 0.15
RMS terrain slope

0 0.05 0.2 0.25

. either: 1) an insufficient propagation model or 2) insufficient
characterization of the environment. This latter limitation will

be a difficult one to address since the exact nature of the

Fig. 19. Plot showing the absolute error between the mean height estimate
for all data groups (both VHF and UHF) and the actual target height. THYO

pagated field may require wavelength scale knowledge

open circles are produced from the radar data by measuring the TDOA a@ifithe terrain: information not commonly available. It might

fit. The asterisks are produced by applying a MFP algorithm with replica,
vectors generated from geometrical optics. Both techniques give more e
for rougher terrain where the forward models are less likely to be accurate.

applying the spherical earth formula in (1); the dashed line shows a Iin%()

by two different methods. In the more simple method, the
height estimation was achieved by measuring a time dela[;]/]
At = Ar/c and inverting the spherical earth formula in (1) [2]
to determine the height;. As expected, the plot shows that
the error increases as the terrain roughness increases and
spherical earth formula is no longer applicable.

An alternative method of determining target height is tol!
employ an inversion scheme such as matched-field processing
(MFP) [18]. The rationale of MFP is to use a sophisticated
forward propagation model to propagate energy from a sourdd
at a hypothetical location to the receiver. This process is
repeated for sources at all possible locations and then the
resulting “replica” fields are compared or “matched” to thosd®
actually observed at the receiver to determine the most likely
source location. The power of the MFP algorithm is that?]
instead of ignoring the complicated environment, it exploits
our knowledge of the physics of the propagation and it bringgs]
it to bear on the localization problem. The MFP algorithm
originated in the acoustics community, but is recently receivingy,
attention for application to tropospheric propagation [19], [20],
[14]. To produce the results in Fig. 19, we used SEKE wit 0
DMA data as our forward model to generate pulse signatures
for 100 target heights and then used MFP to determine the
optimum. As seen in the plot, the performance is superiB]r'L
to the spherical earth inverstion, but it requires substantially
more processing. Further details of the MFP processing can
be found in [14]. [12

VIIl. CONCLUSIONS [13]

This paper presents data from a recent airborne propagation

pe)

ve more successful to approach the problem on a statistical
sis where the model and the data appear to agree.

REFERENCES

A. Ishimaru,Wave Propagation and Scattering in Random Medidew
York: Academic, 1978.

L. Tsang, J. A. Kong, and R. T. Shifheory of Microwave Remote
Sensing. New York: Wiley, 1985.

D. Pairman, S. Belliss, and S. McNeill, “Terrain influences on SAR

€hackscatter around Mt. Taranaki, New ZealantEEE Trans. Geos.

Remote Sensingol. 35, pp. 924-932, July 1997.

P. F. Driessen, “Multipath delay characteristics in mountainous ter-
rain—comparison of theoretical predictions with measurement results,”
in 41st IEEE Veh. Technol. ConfSt. Louis, MO, May 1991, pp.
606—-609.

J.-P. Rossi, J.-P. Barbot, and A. J. Levy, “Theory and measurement of
the angle of arrival and time delay of UHF radiowaves using a ring
array,” IEEE Trans. Antennas Propagatvol. 45, pp. 876-884, May
1997.

T. Lo and J. Litva, “Use of a highly deterministic multipath signal model
in low-angle tracking,”Proc. Inst. Elect. Eng.vol. 138, pp. 163-171,
Apr. 1991.

C. C. Lin and Reilly, “Radar terrain clutter model with consideration
of propagation effects,” irfProc. 23rd Eur. Microwave ConfMadrid,
Spain, Sept. 1993, vol. 1, pp. 478-482.

D. Rana, A. R. Webster and M. Sylvain, “Surface reflection at low-angle
propagation,”|IEEE Trans. Antennas Propagatvol. 43, pp. 639-52,
July 1995.

Y. Liu, S. J. Frasier, and R. E. McIntosh, “Measurement and classi-
fication of low-grazing-angle radar sea spikelsEE Trans. Antennas
Propagat, vol. 46, pp. 27-40, Jan. 1998.

. M. Narayanan, D. D. Cox, J. M. Ralston, and M. R. Christian,
“Millimeter-wave specular and diffuse multipath components of terrain,”
IEEE Trans. Antennas Propagatol. 44, pp. 627-645, May 1996.

] F. T. Ulaby, A. Nashashibi, A. EI-Rouby, E. S. Li, R. D. De Roo, K.

Sarabandi, R. J. Wellman, and H. Bruce Wallace, “95-GHz scattering
by terrain at near-grazing incidencéEEE Trans. Antennas Propagat.
vol. 46, pp. 3-13, Jan. 1996.

] L. M. Zurk and S. Coultts, “Electromagnetic pulse propagation and

scattering from terrain: Experimental observation and comparison with
theory,” in IEEE AP-S Int. SympMontreal, Canada, July 1997, vol. 4,
pp. 2576-2579.

L. M. Zurk and B. Geddes, “Experimental observation and modeling
of overland height finding,Proc. IEEE Radar Conf.Dallas, TX, May
1998, pp. 411-416.

experiment and compares these results with pulses synthesigef L. M. Zurk, “Estimation of E-2 overland height finding capabilities,”

using a modified SEKE model and Fourier techniques.

n
both the measured data and the simulated pulses, a detectth?ie

ground reflection is seen over a variety of terrain types for

Proc. Battlesp. Atmosph. Congan Diego, CA, Dec. 1997, pp. 621-628.
S. Ayasli, “SEKE: A computer model for low-altitude radar propagation
over irregular terrain,”IEEE Trans. Antennas Propagatvol. AP-34,
pp. 1013-1023, Aug. 1986.



ZURK: OBSERVATION AND STATISTICS OF MULTIPATH FROM TERRAIN 131

[16]
[17]

(18]

[29]

[20]

[21]

D. E. Kerr, Propagation of Short Radio WavesNew York: McGraw- Lisa M. Zurk received the B.S. in computer science from the University
Hill, 1951. of Massachusetts, Amherst, the M.S. degree in electrical and computer
P. Beckman and A. Spizzichind[he Scattering of Electromagnetic engineering from Northeastern University, Boston, MA, and the Ph.D. degree
Waves from Rough SurfacesNew York: Pergamon, 1963. in electrical engineering from the University of Washington, Seattle, in 1985,
A. B. Baggeroer, W. A. Kuperman, and P. N. Mikhalevsky, “An1990, and 1995, respectively.

overview of matched field methods in ocean acoustittSE J. Ocean.  From 1985 until 1989, she worked as a Software Engineer in research and
Eng. vol. 18, pp. 401-423, Oct. 1993. development for Nova Biomedical, Waltham, MA. From 1990 to 1995 she was

J. K. Jao, “A matched array beamforming technique for low angle radgrresearch Assistant at the Applied Physics Laboratory, Seattle, WA, where
tracking in multipath,” inlEEE Nat. Radar Conf.Atlanta, GA, Mar.  she conducted research in the scattering and propagation of electromagnetic
1994, pp. 171-176. ) waves applied to remote sensing of snow-covered regions and to SAR imaging
D. R. Gingras, P. Gerstoft, and N. L. Gerr, “Electromagnetic matchegdy the ocean. Since 1996 she has been Technical Staff Member in the Radar
field processing: Basic concepts and tropospheric simulatidB£E  gystems Group, MIT Lincoln Laboratory. While at MIT, her research has
Trans. Antennas Propagatol. 45, pp. 1536-1545, Oct. 1997. been in the areas of electromagnetic propagation modeling with application to

M. Papazoglou and J. L. Krolik, “Electromagnetic matched-field progjhome radar and in underwater acoustic wave propagation with application
cessing for target height finding with over-the-horizon radar,JEEE gonar signal processing.

Int. Conf. Acoust., Speech, Signal Produnich, Germany, Apr. 1997,
vol. 1, pp. 559-562.



